Introduction
RNA interference is a specific cellular post-transcriptional gene silencing mechanism, which can be induced by evocation of enzymatic degradation of a corresponding mRNA. Double-stranded small interfering RNA (siRNA) consisting of 21-25 nucleotides plays an important role in this process. siRNA can be synthesized exogenously and delivered to the cytoplasm to be loaded into the RNA-induced silencing complex (RISC). RISC induces the siRNA to unwind in a strand-specific manner. The sense strand of siRNA is cleaved and removed, and then the remaining antisense strand of the duplex acts as a guide to lead the RISC complex into the complementary sequence of the target mRNA. Upon association of the target mRNA with RISC, AGO protein cleaves the mRNA and interrupts the translation process. [1] [2] [3] This being a potent and highly specific therapeutic strategy, siRNAs have been evaluated as potential therapeutic agents for a wide range of gene-based diseases. However, the major limitations for the use of siRNA are the instability of naked siRNA in physiological conditions, the nature of negative charge, and hydrophilicity. Currently, various strategies have been applied to improve siRNA's nuclease resistance without interfering with its silencing efficiency, 4, 5 such as chemical modifications in the nucleobases, the phosphate ester backbone, and conjugation with hydrophobic functional groups. 6 However, this is very time consuming and costly. Carrier-based strategies have been explored as a simple and fast means to protect the siRNA and maximize its therapeutic effects.
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chen et al A number of delivery carriers have been developed and characterized, including peptides, 7 polymers, 8, 9 liposomes, 10, 11 lipids, 12, 13 and viral vectors. 14 Due to the fundamental drawbacks of viral vectors, such as toxicity and immunogenicity, non-viral vectors have served as an alternative because of their advantage in inducing relatively low toxicity and nearly no immune response.
1,2 Among these non-viral vectors, cell-penetrating peptides (CPPs) are being increasingly utilized for gene delivery. 3, 15, 16 Researchers have proven that CPP MPG, the peptide derived from both the fusion peptide domain of HIV-1 gp41 protein and the nuclear localization sequence (NLS) -PKKKRKV -of SV40, can deliver DNA into the nucleus efficiently. NLS plays an essential role in importing DNA into the nucleus. 17 A single mutation of a lysine residue to a proline residue (PKPKRKV) in NLS limits its nuclear translocation but enhances release of the cargo into the cytoplasm, which is helpful for siRNA intracellular localization. 18 Recently, stearylation has proven to be successful in increasing the transfection efficiency of CPPs for DNA delivery [19] [20] [21] [22] [23] [24] [25] or that of polyethyleneimine for siRNA delivery. 26 The increased transfection efficiency is attributed to the enhanced compaction of DNA, increased endosomal escape, and higher cellular uptake, which are all conferred by the stearyl moiety.
Having considered the similarity of siRNA and DNA, a novel type of non-viral siRNA delivery vector was constructed by introducing a stearyl moiety to the N-terminus of the sequence. Three histidine residues serve as a linker between the stearyl moiety and PKPKRKV. The other reason for using histidine is that it will be helpful for the rapid release of siRNA into the cytosol after intracellular uptake. In this report, the physicochemical and biological characteristics of this new peptide, STR-HK (C 18 -HHHPKPKRKV-NH 2 ), were investigated in order to evaluate its potential for siRNA delivery.
Materials and methods Materials
Peptide STR-HK (C 18 -HHHPKPKRKV-NH 2 ) with a molecular weight of 1500.9 g/mol was synthesized by CanPeptide Inc. (Quebec, QC, Canada) with a purity .95%. The highperformance liquid chromatography and liquid chromatography-mass spectrometry characterization of STR-HK is shown in Figures 1 and 2 . siRNA targeting the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene and Cy3-labeled GAPDH siRNA were purchased from Ambion (Silencer™ GAPDH siRNA kit). The siRNA targeting eGFP gene, GCGACGUAAACGGCCACAAGU, was purchased from Dharmacon, whose antisense sequence is ACUUGUGGCCGUUUACGUCGC and sense sequence is GACGUAAACGGCCACAAGUUC. The negative control siRNA was purchased from Ambion. Cell counting kit-8 (CCK-8) was used for cell viability test and was purchased from Dojindo Molecular Technologies.
cell culture
Human prostate cancer cell line (PC-3) was purchased from the American Type Culture Collection. PC-3 cells were grown in F-12K medium (Thermo Scientific, Ottawa, BC, CA) supplemented with 10% fetal bovine serum (SigmaAldrich Co., St Louis, MO, USA). The cell line was cultured at 37°C in a 5% CO 2 atmosphere.
Preparation of sTr-hK-sirNa complexes
For the cell treatments, siRNAs were mixed with peptides at various molar ratios (peptide/siRNA), and siRNA concentration was 100 nM. For the cell treatments, the peptide/siRNA complexes were prepared in Opti-MEM (Thermo Fisher Scientific, Waltham, MA, USA). For the physicochemical characterization, the complexes were prepared in RNase-free water. The complexes were incubated at room temperature for 20 minutes. All complexes were used immediately after their preparation.
agarose gel-shift assay STR-HK-siRNA complexes at a peptide/siRNA molar ratio ranging from 1/1 to 80/1 were prepared in RNase-free water at the room temperature for 20 minutes. siRNA alone was used as a control. Each well contains 300 ng of siRNA. The samples were analyzed by electrophoresis in agarose gel (1.2% wt/vol) stained with ethidium bromide.
Isothermal titration calorimetry
siRNA condensation was evaluated using isothermal titration calorimetry (ITC). The experiments were conducted using a Nano-ITC calorimeter (TA Instruments, New Castle, DE, USA). A 500 µM STR-HK peptide solution and a 10 µM siRNA solution were both prepared in RNase-free water. All the samples were degassed in a degassing station (TA Instruments) prior to the experiments. RNase-free water was placed in the ITC reference cell. For each titration, 2 µL of the peptide solution in a pipette rotating at 250 rpm was injected into the siRNA solution in the sample cell of the calorimeter, which was equilibrated to 25°C, with an interval of 300 seconds between injections. The heat of dilution was measured by titrating the STR-HK solution into RNase-free water and was later subtracted from the sample measurement. The data were analyzed using NanoAnalyze software v.2.3.0.
Particle size and zeta potential
The peptide-siRNA complexes were prepared at molar ratios from 10/1 to 60/1 with a fixed siRNA concentration of 100 nM, as described above. Particle size measurements were performed at 25°C in transparent ZEN0040-disposable micro cuvette cells (40 µL) using a Zetasizer Nano ZS (Malvern, UK). The zeta potentials were measured using a clear DTS1070-zeta dip cell.
scanning electron microscopy
The morphology of STR-HK-siRNA complexes at a molar ratio of 20/1 was observed by scanning electron microscopy (SEM). The peptide-siRNA complexes were prepared as described in the Preparation of STR-HK-siRNA complexes section. The SEM samples were prepared by dropping the peptide-siRNA complexes onto a substrate to air dry at room temperature and then coated with 10 nm-thick gold before measurement.
Transmission electron microscopy
Transmission electron microscopy (TEM) was utilized to acquire the morphology of STR-HK-siRNA complexes at molar ratio of 20/1 with siRNA concentration of 100 nM. Ten microliters of the samples was applied to a 400 mesh Formva-coated copper grid (Canemco and Marivac, Canton de Gore, QC, Canada) for 3-5 minutes. The sample was then washed five times with RNase-free water and dried over night. Uranyl acetate (Electron Microscopy Sciences, Hatfield, PA, USA) was used to stain the samples. An electron micrograph of the STR-HK-siRNA complexes was acquired using TEM (Philips CM-10 TEM; Philips, the Netherlands).
circular dichroism spectroscopy
Circular dichroism was used to investigate the secondary structure of the peptide and its change after forming a complex with siRNA. Spectra at 250-190 nm with a spectral resolution and pitch of 1 nm and scan speed of 200 nm/minute were recorded using a J-810 spectropolarimeter (Jasco, USA). Increasing amounts of siRNA were added to the peptide, which was at a fixed concentration of 30 µM, to obtain different molar ratios. The samples were transferred into 1 mm long quartz cells and maintained at 25°C. The spectra presented here were the average of three measurements.
cytotoxicity
The cytotoxicity of peptide-siRNA complexes was determined by the CCK-8 assay. In brief, cells were seeded at 10,000 cells/well in clear, flat-bottomed, 96-well plates (Costar) 24 hours before treatment. After being washed, 100 µL of Opti-MEM that contained peptide-siRNA complexes at different molar ratios was added to the wells and incubated for 4 hours. Thereafter, 50 µL of 30% serum containing medium was added, and the cytotoxicity of the relevant reagents was determined by the CCK-8 assay after 24 hours and 48 hours. Then, the cultures were removed from the incubator, and the absorbance at 570 nm was read on a plate reader (FLUOstar OPTIMA; BMG, Germany). The background absorbance of the multiwell plates at 690 nm was determined and subtracted from the 570 nm measurement. The results obtained from triplicate wells were averaged and normalized to the value obtained from the non-treated cells. cellular uptake PC-3 cells (80,000/well) were cultured in a 24-well plate for 24 hours before treatment. The cells were incubated with STR-HK-Cy3-labeled GAPDH siRNA complexes at a molar ratio of 40/1 for 4 hours. Lipofectamine 2000 (Lipo)-Cy3-labeled GAPDH siRNA complexes were used as a positive control here. Thereafter, the cells were washed three times with PBS and then fixed by 4% paraformaldehyde. The nucleus of the cell was stained by 4′,6-diamidino-2-phenylindole (DAPI). Images were taken with a fluorescence microscope. To quantify the cellular uptake of peptide-siRNA complexes, PC-3 cells (80,000/well) were cultured in 24-well plates 24 hours before treatment. The cells were incubated with peptide-Cy3-labeled GAPDH siRNA complexes at different molar ratios for 4 hours. Next, cells were rinsed with PBS and then washed with heparin (10 U/mL). After thorough washing, trypsin-EDTA was added to detach the cells from the plate. The cells were resuspended in 4% paraformaldehyde for analysis using fluorescence activated cell sorting (BD FACSVantage SE Cell Sorter; BD Biosciences, CA, USA).
In vitro transfection
PC-3 cells were seeded at 80,000 cells/well in 24-well plates 24 hours before treatment. Cells were treated with peptidesiRNA complexes in 300 µL of Opti-MEM at different molar ratios for 4 hours. Thereafter, 300 µL medium containing 20% fetal bovine serum was added to each well. After incubation of 48 hours, cells were washed and collected for quantitative real-time polymerase chain reaction (PCR) analysis.
First, the total RNA was extracted from the treated cells using the SV Total RNA Isolation System (Promega Corporation, Fitchburg, WI, USA). A NanoDrop (NanoDrop spectrophotometer ND-1000; Thermo Scientific) was used to determine the RNA concentrations. The RNA samples were reverse transcribed into cDNA using a Bio-Rad iScript cDNA synthesis kit according to the manufacturer's protocol. 
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small interfering rNa delivery in vitro via a stearylated cationic peptide (Agilent Technologies, Santa Clara, CA, USA) using an Mx3005P™ Real-Time PCR System (Agilent Technologies). The sequences of the primers used for the human GAPDH gene were 5′-GAAATCCCATCACCATCTTCCAG-3′ and 5′-GAGCCCCAGCCTTCTCCATG-3′ (Sigma-Aldrich). Cyclophilin, a housekeeping gene, was used as an internal control to normalize the GAPDH gene expression. Human cyclophilin mRNA was amplified using the following primers: 5′-GGTGATCTTTGGTCTCTTCGG-3′ and 5′-TATATGCTCTTTCCTCCTGTG-3′ (Sigma-Aldrich).
statistical analysis
Results were expressed as mean values ± SD. Data were analyzed by two-tailed t-test, and only P-values ,0.05 were considered statistically significant.
Results
characterization of peptide-sirNa complexes
Agarose gel-shift assay was applied to detect the loading capacity of STR-HK. Basic amino acids, such as arginine and lysine, were protonated and able to interact with the negatively charged phosphate groups on siRNA sugar rings through electrostatic interactions. STR-HK contains four positively charged residues: three arginine and one lysine so as to strongly interact with siRNA. In the agarose gel electrophoresis experiment, when voltage is applied, free siRNA will move toward the positive electrode. As shown in Figure 3 , the band produced at higher molar ratio was less dark than the band produced by siRNA alone.
At molar ratios above 15/1, no free siRNA was detected on the agarose gel, indicating that siRNA molecules were completely complexed with STR-HK. This suggests that at molar ratios higher than 15/1, there is sufficient STR-HK to neutralize the negative charge of siRNA and form complexes with siRNA.
To evaluate the stoichiometry between STR-HK and siRNA and the thermodynamic parameters during the condensation process, ITC was employed. As shown in Figure 4 , the heat exchange during the titration of siRNA by STR-HK (in RNase-free water) was detected by the machine and output as raw data. By fitting the raw ITC data (upper panel of Figure 4 ) to a single-site model (lower panel of Figure 1 ), the thermodynamic parameters of the interaction were obtained and are listed in Table 1 .
The obtained molar stoichiometry was 10, which implied that ten moles of STR-HK could condense one mole of siRNA. This number was very close to the theoretical value of 10.5, considering that the STR-HK peptide contains four positively charged residues (arginine and lysine), and there are 21 pairs of negatively charged nucleotides in the siRNA molecule. With an enthalpy of -8.35 kJ/mol, ∆S of 78.67 J/(mol K), and entropy of -23.44 kJ/mol, the binding was predominantly entropy driven. Moreover, ∆G calculated using the equation ∆G=∆H-T∆S was equal to -31.79 kJ/mol, which indicated that STR-HK and siRNA assembled spontaneously. 27, 28 The particle size and zeta potential of the complexes were measured to gain an understanding of the physicochemical properties of STR-HK-siRNA complexes. As shown in Figure 5A , overall particle sizes remained in the range of 80-160 nm. From a molar ratio 10/1 to 60/1 (peptide: siRNA), particle size increased. However, at a molar ratio of 60/1, particle size slightly decreased and was similar to that of a molar ratio of 40/1. According to the graphs of size distribution by intensity (Figure 5 ), the possible reason for this phenomenon was that at the molar ratio of 60/1, excess peptides formed smaller nanoparticles, and thus decreased the average size.
As expected, the zeta potential of complexes increased with increasing molar ratios ( Figure 5B ) due to the addition of excess positively charged peptides. Interestingly, at a molar ratio of 10/1, the surface charge of STR-HKsiRNA complexes was slightly negative (-13 mV), and at a slightly higher molar ratio (15/1), it turned out to be positive (15.2 mV). This interesting phenomenon indicated that siRNA molecules were not fully complexed at a molar ratio of 10/1 but could be so by slightly increasing the molar ratio. Additionally, a SEM image of the complexes formed by STR-HK with siRNAs at a molar ratio of 20/1 is shown in Figure 6A . The graph shows that the STR-HK-siRNA complexes displayed a smooth and spherical shape with the size around 100 nm. The morphology of the complex at a molar ratio of 20/1 was also examined by TEM, shown in Figure 6C . The electron micrograph exhibited spherical shape with the size of approximately 100 nm. The particle size acquired from SEM and TEM experiments was consistent with the dynamic light scattering result. More importantly, this morphology indicates that STR-HK could condense siRNA to regular nanoparticles.
Furthermore, secondary structure is an important feature of peptides. From the changes of secondary structure, it can prove the interactions of STR-HK and siRNAs at a molecular level. As shown in Figure 6B , STR-HK alone in water exhibited 
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Abbreviation: sirNa, short interfering rNa.
a random coil structure with a minimum at 202 nm. After adding siRNAs to the peptide solution to form complexes at a molar ratio of 10/1, a clear conformational change occurred and a minimum at 213 nm was observed, which implied a typical β sheet structure. By adding more siRNAs to attain the molar ratio of 5/1, the absolute values of the minimum spectra at 213 nm and the maximum spectra at 190 nm were increased. The results indicated that upon interaction with siRNAs, STR-HK adopted a more ordered secondary structure of β sheet instead of a randomly folded structure. The conformational change also revealed the flexibility of STR-HK when it formed regular nanoparticles with siRNAs.
cytotoxicity of sTr-hK-sirNa complexes
The cytotoxicity of peptide-siRNA complexes was evaluated by the CCK-8 assay, and Lipo was used as the control. As shown in Figure 7A , after 24 hours of treatment, both peptide alone and Lipo alone caused almost no cytotoxicity. The cytotoxicity of STR-HK-siRNA complexes at molar ratios from 20/1 to 60/1 was less than 5%. However, the 
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small interfering rNa delivery in vitro via a stearylated cationic peptide cytotoxicity of STR-HK-siRNA complexes was significantly lower than that of Lipo after 24 hours of treatment. To evaluate the long-term cytotoxicity of the complexes, cytotoxicity after 48 hours of treatment was also studied. Figure 7B shows that the cytotoxicity of each treatment followed a similar trend to that after 24 hours of treatment. These results indicated that STR-HK did not cause either short-term or long-term cytotoxicity, which was superior to Lipo in this criterion.
cellular uptake of sTr-hK-sirNa complexes
The cellular uptake of STR-HK-Cy3-labeled siRNAs complexes was studied with fluorescence microscopy and fluorescence activated cell sorting. As shown in Figure 8 , most cells treated with Lipo-Cy3-labeled siRNA complexes displayed red dots in their cytosol. In the cells treated with STR-HKsiRNA complexes, siRNAs were localized to regions in close proximity to the nuclear membrane and were distributed in a non-homogeneous pattern at the periphery of the nucleus, which indicated the possibility of endocytic delivery. 29 More interestingly, the cellular uptake of STR-HK-siRNA complexes was molar ratio dependent and was almost equivalent to that of the Lipo-siRNA complexes at a molar ratio of 60/1 ( Figure 9 ). These data indicated that STR-HK could efficiently deliver sufficient Cy3-labeled siRNAs into PC-3 cells.
In vitro transfection of peptide-sirNa complexes
To evaluate the transfection efficiency of STR-HK, PC-3 cells were treated with the complexes formed by STR-HK with GAPDH siRNA at different molar ratios. As shown in Figure 10 , the transfection efficiency of STR-HK increased with the increasing molar ratios and almost reached the level similar to Lipo at the molar ratio of 60/1.
Discussion
siRNA molecules hold great therapeutic potential for the development of RNA interference-based drugs to interfere with various diseases. 19, 20, [30] [31] [32] However, siRNA therapeutics were limited by their low bioavailability due to their physicochemical properties (negative charges, large molecular weight, and size) and instability with plasma half-life of about 10 minutes, [33] [34] [35] immune stimulation when administered systemically, 36 and possible off-target effects due to partial nucleotide sequence match between the siRNA and off-target mRNA. 37 Seeking efficient delivery systems for these molecules is a prerequisite for successful gene therapy. CPPs as one group of non-viral peptide-based delivery vectors have attracted more and more attention due to their high internalization efficiency, low cytotoxicity, and flexible structural design. 30, 38, 39 Recently, a handful of papers have shown that stearylation is a successful strategy to enhance the transfection efficiency of CPPs mostly for DNA delivery. Several delivery systems have incorporated this strategy for siRNA delivery. 20 Considering the similarities and differences between DNA/plasmid and siRNA, a novel siRNA delivery vector was constructed by the conjugation of stearic acid to the N-terminus of the sequence HHHP-KPKRKV, where PKPKRKV is a cytoplasm localization sequence. Our result demonstrated that after cellular uptake, Facs results of cellular uptake of sirNa. Notes: Non-treated sample was negative control; lipo-sirNa complexes were positive control. cy3-labeled gaPDh sirNa was used here. sirNa concentration was 100 nM in both experiments. *P-value ,0.05; the difference of cellular uptake efficiency of siRNA at a molar ratio of 40/1 and 60/1 is statistically significant. Results are expressed as mean ± standard deviation (n=3). Abbreviations: FACS, fluorescence activated cell sorting; siRNA, small interfering rNa; lipo, lipofectamine 2000; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; NT, non-treated; Mr, peptide/sirNa molar ratio.
the Cy3-labeled siRNAs were localized in the cytosol and distributed in a heterogeneous pattern (Figure 8) , which indicated the possibility of siRNA uptake via an endocytic pathway. 29 The formation of stable and small nanoparticles for CPP-siRNA complexes is undoubtedly an important feature to mediate high transfection efficiency. 40 The result of Agarose gel-shift assay suggested that STR-HK at molar ratios above 15/1 was sufficient to neutralize the negative charge of siRNA and form complexes with siRNA. The high affinity of STR-HK for siRNA (K d : 2.68E-6 M) is essentially associated with electrostatic interactions involving arginine, lysine residues, and siRNA molecules. Moreover, ITC data revealed that the interaction between STR-HK and siRNA was thermodynamically favored, and the driving forces include hydrophobic interaction among stearyl moieties and hydrogen bonding among amino acid residues when the peptide forms secondary structure of a β sheet. The conformational change of STR-HK from random coil to the secondary structure of the β sheet upon the formation of STR-HK-siRNA complexes indicated that STR-HK represented a more stable structure when forming complexes with siRNA than peptide alone. Moreover, the stable complexes protect siRNA molecules without affecting their silencing efficiency.
The SEM image and TEM image ( Figure 6 ) showed that STR-HK-siRNA complexes displayed a spherical shape. Ideally, to target tumors, the diameter of CPPs-siRNA particles should not exceed 100-300 nm for efficient uptake. 30 In this report, the particle size of STR-HK-siRNA complexes at a molar ratio of .15/1 was in the range of 100-160 nm and fulfilled the criteria of size required for an efficient transfection agent. At a molar ratio of 10/1, STR-HK-siRNA complexes displayed a slightly negative surface charge (-13 mV), indicating the surface of the complex was not fully covered by positive charged peptide. At a molar ratio of 15/1, the surface charge of the complex increased to 15 mV, implying that the surface of the complex was fully covered by peptide; at even a higher molar ratio, the surface charge of the complex increased to 42 mV (at MR 60/1). The net positive surface charge could reduce the aggregation of the complexes and enhance the affinity of the complexes with the negatively charged cell membrane via electrostatic interaction, 41 thus, potentially increasing the siRNA delivery efficiency. The quantified cellular uptake of Cy3-labeled siRNA showed that at a molar ratio of 20/1, the uptake of Cy3-labeled siRNA was 14%; however, at a molar ratio of 40/1, it increased to 79%. This significant change was probably due to the increase in the net positive surface charge and the content of stearyl moiety that enhances the interaction of the complex and the lipid bilayer via hydrophobic force. In addition, at a molar ratio of 60/1, the uptake efficiency increased to 87%, which is similar to that of Lipo but significantly higher than that at a molar ratio of 40/1, implying that optimization of the molar ratio for siRNA delivery is crucial.
After STR-HK-siRNA complexes entered the cytoplasm, the stearyl moiety could disrupt the endosomal membrane through hydrophobic interaction with the lipid bilayer and the histidine residues could induce the proton sponge effect, leading to the rupture of the endosomal membrane to facilitate the endosomal release of siRNA. 42 The results showed that the transfection efficiency was consistent with the cellular uptake efficiency at various molar ratios. At a molar ratio of 60/1, Figure 11 The schematic of sTr-hK-sirNa complex uptake and endosomal release. Abbreviations: sirNa, small interfering rNa; rIsc, rNa-induced silencing complex; mrNa, messenger rNa.
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small interfering rNa delivery in vitro via a stearylated cationic peptide STR-HK achieved a similar transfection level to that obtained with Lipo. The significant difference in GAPDH transfection level at a molar ratio of 40/1 and 60/1 is possibly caused by the significant difference in siRNA uptake and different amounts of stearyl moiety and histidine in the complex formulation that affected the endosome release of siRNA. Furthermore, the cytotoxicity of STR-HK was less than 5%, which was significantly lower than that of Lipo. Taken together, a schematic of the uptake of STR-HK-siRNA complex and its endosomal release was proposed (Figure 11 ).
Conclusion
In this study, a novel siRNA delivery vector was constructed by coupling stearic acid to the N-terminus of HHHPKPKRKV. Our results demonstrated that STR-HK formed stable complexes with siRNA via non-covalent interactions and mediated efficient delivery of siRNA to PC-3 cells. These results, with the fact that STR-HK induced minimal cytotoxicity while achieving comparable gene silencing efficiency to Lipo, prove that STR-HK is a promising vector for siRNA delivery.
